UNIT-1 


OBJECTIVE : 

To familiarize the students with the fundamentais of thermodynamics . so it will 
be useful to study about the thermodynamics in detail manner. 

REAL GAS EQUATION: 


At high pressures, the gases start to deviate from ideal -gas behavior. So the 
deviation should be accounted. For accounting this deviation a factor called 
compressibility is introduced. So the State equation for real gases is given as, 

pv = ZRT 


where, Z = compressibility factor. 

The compressibility factor, Z = pv / RT 

The compressibility factor can also be expresses as 


Z= Vactual / V Ideal 
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Where, Vactuai - Specific volume of real gases. 

V ideai -Specific Volume of Ideal gases. 

For ideal gases Z= 1 . But for Real gases, Z is greater than or less than unity. 


IDEAL GAS: 




An ideal gas is an in agmary substance that obeys the relation pV =RT or pv =RT 
. so, the equation of State is also known as ideal- gas equation. At low pressures and 
high temperature, the density of a gas decreases. At that time, the gas behaves as an 
ideal gas. A factor is introduced to account the deviation of ideal gas behavior known as 
compressibility factor. It means a measure of deviation of the ideal gas behaviour 

At normal condition H2, O2, N2 and air behave as ideal gas. 


“A Perfect gas may be defined as a State of a substance, whose evaporation from its 
liquid State is complete and strictly obeys all the gas laws under all conditions of 
temperature and pressure. 

• No Real or actual gas strictly obey the gas laws. 

• Real gases which are ordinarily difficult to liquify, such as oxygen, N2, H2 and 
air. 




Difference Between Ideal Gas & Real Gas 



IDEAL GAS 

REAL GAS 

The behaviour of ideal gases is 
SIMPLE. 

The behaviour of ideal gases is 
COMPLEX. 

Mass is considered as a “point 
mass”. lt means that the particle is 
extremely small where its mass is 
almost zero. So, it does not have 
volume. 

Real gases are made up of 
molecules or atoms which occupies 
some space. lt has a definite volume 
even they are extremely small. 

Only air is considered as ideal gas. 

All gases are considered as real gas 
except air. 

The pressure of ideal gas is more 

The pressure of a real gas is lesser 
as compared to ideal gas 



lt follows pV = nRT. This is the lt does not follow idea gas equation. 
equation of ideal gas So the equation o f State for real 

gases become |pv = ZRT or 
(p+a/V 2 ) ( V-b ) =nRT. 


LAW OF PERFECT GASES: 


Types of Laws : 

1. Boyle’s Law : (Robert Boyle in 16bS) 

“The Absolute pressure c a gi eri mass of a perfect gas varies inversely as its 
volume, when the ter iperature remains constant” 

Mathematically, 

P oc 1/v or Pv = constant 
Then, P-|V-| = P2V2 = P3 V3 =.= const. 

2. Charles’ Law : (Frechman Jacques A.C. Charles in 1787) 

“The volume of a given mass of a perfects gas varies directly as its absolute 
temperature, when the absolute pressure remains constant.” 

Mathematically 

V oc T 

V/T = Constant 

Then, V-j/T-j = V2/T2 = V3/T3 =.= const. 
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3. Gay-Lussac Law : 

“The Absolute pressure of a given mass of a perfect gas varies directly as its absolute 
temperature, when the volume remains constant” 

Mathematically, 

P oc T 

P/T = constant 

then, P-|/T-| = P2/T2 = P3/T3 = .= Const. 

4. Joule’s Law : 


“The change of internai energy of a perfect gas is directly proportional to the change of 
temperature.” 

Mathematically 

dE oc dT 

dE = mc dt 


constant proportionality known as spefic 
dE = mc (T 2 - T-|) 
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Temp. of a given mass m of a gas changes from T-| to T 2 , then Internai Energy 
changes from E-| to E 2 and change in .iternal energy (E 2 - E-|) will be same 

irrespective of the manner how the pressure (P) and volume (v) of the gas have 
changed. 



5. Regnaufs Law i 

“The two specific heats Cp and Cv of a gas do not change with the change of 
temperature and pressure.” 

Eg., Cp and c v always constant. 


It is only an approximate one, because the sphefic heats of a gas vary with temperature 


6. Avogador’s Law : 

• “avogadro’s law States that equal volumes of different perfect gases at the same 

temperature and pressure contain equal number of molecules. 

• It can also be stated, “the volume of one gram mole of all gases at the pressure 

of 760 mm Hg and temperature of 0 °C is same and equal to 22.4 litres. 


Kg mole of a gass = 22.4 XI O' 3 cm 3 = 22.4 m 3 - 





7. Characteristic Gas Equation: 

The general gas equaton for ideal gas is given by 
pV / T = Constant 
Where, p - Pressure in N/ m 3 
V - Volume in m 3 
T -Temperature °C 
Taking R as Constant 

pV / T = R 
pV= RT 
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lf the mass of gas ‘ m’ is considered, the equation of State becomes 


pV=mRT 

This equation is known as Characteristic 


S> 

EQUATION OF STATE FOR REAL GAS: 

1. VandarWaal’s Equation : 

The equation of State for rea gases is given by 



P + 


7J (v - b) = 


RT 


For ideal gas, the constants a and b are zero. The values of a and b are 
dependent on the type of fluid or gases used. 

If molar volume is considered in the analysis, the equation of State becomes 


ã 

p+ r*j 


(V - b) = RT 


Where, 


v = molar volume 


R = Universal Gas Constant = 8.314 Nm/ KgmolK 
















PROPERTIES OF PURE SUBSTANCES 


DEFINITION OF THE PURE SUBSTANCE 

A pure substance is a system which is (i) homogeneous in composition, (ii) 
homogeneous in Chemical aggregation, and (iii) invariable in Chemical aggregation. 

“Homogeneous in composition” means that the composition of each part of the 
system is the same as the composition of every other part. “Composition means 
the relative proportions of the Chemical elements into which the sample can be 
analysed. It does not matter how these elements are combined. 

For example in Fig .1 system (a), comprising steam and water, is homogeneous in 
composition, since Chemical analysis would reveal that hydrogen and oxygen atoms are 
presents in the ratio 2:1 whether the sample be taken from the s ieam or from the water. 
The same is true of system (b) 


Steam 



H 2 +0; 


C) 


trating the definition of a pure substance. 


Containing uncombined hydrogen and oxygen gas in the atomic ratio 2 : 1 in the 
upper part, and water in the lower part. System (c) however, is not homogeneous in 
composition, for the hydrogen and oxygen are present in the ratio 1:1 in the upper part, 
but in the ratio 2:1 (as water) in the lower part. 

_ “Homogeneous in Chemical aggregation” means that the Chemical elements 
must be combined chemically in the same way in all parts of the system. 
Consideration of Fig .1 again shows that the system (a) satisfies this condition 
also; for steam and water consist of identical molecules. System (b) on the other 
hand is not homogeneous in Chemical aggregation since in the upper part of the 
system the hydrogen and oxygen are not combined chemically (individual atoms 
of H and O are not uniquely associated), whereas in the lower part of the system 
the hydrogen and oxygen are combined to form water. 



















































Note however that a uniform mixture of steam, hydrogen gas, and oxygen gas 
would be regarded as homogeneous in both composition and Chemical aggregation 
whatever the relative proportions of the components. 

_”lnvariable in Chemical aggregation” means that the State of Chemical 
combination of the system does not change with time (condition (ii) referred to 
variation with positiorí). Thus a mixture of hydrogen and oxygen, which changed 
into steam during the time that the system was under consideration, would not be 
a pure substance. 

PHASE CHANGE OF A PURE SUBSTANCE 


Let us consider 1 kg of liquid water at a temperature of 20°C in a cylinder fitted 
with a piston, which exerts on the water a constant pressure of one atmosphere (1.0132 
bar) as shown in Fig 2 (i). 

As the water is heated slowly its temperature rises until the temperature of the 
liquid water becomes 100°C. During the process of heating, the volume slightly 
increases as indicated by the line 1-2 on the temperature - specific volume 
diagram (Fig.3). The piston starts moving u| 


Cylindet,^ 


Piston 



Liquid/^ 

water 


(i) (ü) (iii) 

Fig. 2 Phase change of water at content pressure 

From liquid to vapour phase. 

If the heating of the liquid, after it attains a temperature of 100°C, is continued it 
undergoes a change in phase. A portion of the liquid water changes into vapour as 
shown in Fig 2 (ii). This State is described by the line 2-3 in Fig. 3 The amount of heat 








































pressure is called the saturation temperature and the given pressure is called the 
saturation pressure.During the process represented by the line 2-3 (Fig.3) the volume 
increases rapidly and piston moves upwards Fig. 2 (iii). 

For a pure substance, definite relationship exists between the saturation pressure and 
saturation temperature as shown in Fig. 4, the curve so obtained is called vapour 
pressure curve. 

p(Pressure) 



Fig. 4 Vapour pressure curve for water. 






















It may be noted that if the temperature of the liquid water on cooling becomes lower 
than the saturation temperature for the given pressure, the liquid water is called a sub 
cooled liquid. The point ‘T (in Fig. 3.3) illustration, when the liquid water is cooled under 
atmospheric pressure to a temperature of 20°C, which is below the saturation 
temperature (100°C). 

Further, at point T the temperature of liquid is 20°C and corresponding to this 
temperature, the saturation pressure is 0.0234 bar, which is lower than the pressure on 
the liquid water, which is 1 atmosphere. Thus the pressure on the liquid water is greater 
than the saturation pressure at a given temperature. In this condition, the liquid water is 
known as the compressed liquid. 

The term compressed liquid or sub cooled liquid is used to distinguish it from 
saturated liquid. All points is the liquid region indicate the States of the compressed 
liquid. 

When all the liquid has been evaporated complete y a id heat is further added, 
the temperature of the vapour increases. The curve 3-4 in r ,g. 3 describes the process. 
When the temperature increases above the saturation terroerature (in this case 100°C), 
the vapour is known as the superheated temperat ire. There is rapid increase in volume 
and the piston moves upwards [Fig. 2 (iii)]. 

The difference between the supe heated temperature and the saturation 
temperature at the given pressure is called he degree of superheat. 

If the above mentioned heating ^rocess is repeated at different pressures a 
number of curve similar to 1-2-3-4 are obtained. Thus, if the heating of the liquid water 
in the piston cylinder arrangement akes place under a constant pressure of 12 bar with 
an initial temperature of 20 °C until until the liquid water is converted into superheated 
steam, then curve 5-6-7-8 will represent the process. 

In the above heating process, it may be noted that, as the pressure increases the 
length of constant temperature vaporizations gets reduced. 

From the heating process at a constant pressure of 225 bar represented by the 
curve 9-10-11 in Fig. 3, it can be seen that there is no constant temperature 
vaporizations line. The specific volume of the saturated liquid and of the saturated 
vapour is the same, i.e. = v g . Such States are called criticai parameters. 

The curve 12-13 (Fig. 3) represents a constant pressure heating process, when the 
pressure is greater than the criticai pressure. At this State, the liquid water is directly 
converted into superheated steam. As there is no definite point at which the liquid water 
changes into superheated steam, it is generally called liquid water when the 
temperature is less than the criticai temperature and superheated steam when the 
temperature is above the criticai temperature. 




P-T (Pressure - Temperature) DIAGRAM FOR A PURE SUBSTANCE 

lf the vapour pressure of a solid is measured at various temperatures until the 
triple point is reached and then that of the liquid is measured until the criticai point is 
reached, the result when plotted on a P-T diagram appears as in Fig. 5. 

If the substance at the triple point is compressed until there is no vapour left and 
the pressure on the resulting mixture of liquid and solid is increased, the temperature 
will have to be changed for equilibrium to exist between the solid and the liquid. 


Measurements of these pressures and temperatures give rise to a third curve on the P- 
T diagram, starting at the triple point and continuing indefinitely. 


The points representing the coexistence of (i) solid and vapour lie on the 
‘sublimation curve’, (iii) liquid and solid lie on the ‘fusion curve’. In the particular case of 
water, the sublimation curve is called the frost line, the vaporizations curve is called the 
steam line, and the fusion curve is called the ice line. 
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Fig .5 P-T diagram for a substance such as water 

The slopes of sublimation and the vaporizations curves for all substances are 
positive. The slope of the fusion curve however may be positive or negative. The fusion 
curves of most substances have a positive slope. Water is one of the important 
exceptions. 







Triple point 


The triple point is merely the point of intersection of sublimation and 
vaporizations curves. It must be understood that only on P-T diagram is the triple point 
represented by a point. On P-V diagram it is a line, and on a U-V diagram it is a triangle. 

The pressure and temperature at which all three phases of a pure substance coexist 
may be measured with the apparatus that is used to measure vapour pressure. 

Triple-point data for some interesting substances are given in table 3.1. 


Table 3.1 Triple-point Date 


s. 

No. 

Substance 

Temp., K 

Pressure, mm Hg 

1 . 

Hydrogen (normal) 

13.96 

54.1 

2 . 

Deuterium (normal) 

18.63 

128 

3. 

Neon 

24.57 

324 

4. 

Nitrogen 

63.18 

94 

5. 

Oxygen 

54.36 

1.14 

6 . 

Ammonia 

195.40 

45.57 

7. 

Carbon dioxide 

216.55 

3,880 

8 . 

Sulphur dioxide 

197.68 

1.256 

9. 

Water 

273.16 

4.58 


P-V-T (Pressure-Volume-Temperature) SURFACE 

A detailed study of the heating process reveals that the temperature of the 
solid rises and then during the change of phase from solid to liquid (or solid to vapour) 
the temperature remains constant. This phenomenon is common to all phase changes. 
Since the temperature is constant, pressure and temperature are not independent 
properties and cannot be used to specify State during a change of phase. 

The combined picture of change of pressure, specific volume and temperature 
may be shown on a three dimensional State model. Fig 6, illustrate the equilibrium 
States for a pure substance which expands on fusion. Water is an example of a 
substance that exhibits this phenomenon. 









Fig.6 A Pressure-Volume-Temperature (P-V-T) 

All the equilibrium States lie on the surface of the model. States represented by 
the space above or below the surface are not possible. It may be seen that the triple 
point appears as a line in this representaiion. The point C.P. is called the criticai point 
and no liquid phase exists at temperatures above the isotherms through this point. The 
term evaporation is meaningless in this situation. 

At the criticai point the temperature and pressure are called the criticai 
temperature and the criticai pressure respectively and when the temperature of a 
substance is above the criticai value, it is called a gas. It is not possible to cause a 
phase change in a gas unless the temperature is lowered to a value less than the 
criticai temperature. Oxygen and nitrogen are examples of gases that have criticai 
temperatures below normal atmospheric temperature. 

PHASE CHANGE TERMINGL OGY AND DEFINITIONS 


Suffices: Solid 

■ 

/ 



Liquid 

f 



Vapour 

g 



Phase change 
Process suffix 


Name 

Process 

1 . Solid-liquid 

if 


Fusion 

Freezing, melting 

2. Solid-vapour 

íg 


Sublimation 

Frosting, defrosting 

3. Liquid-vapour 

fg 


Evaporation 

Evaporating, Condensing 









Phase change terminology 


Triple point: The only State at which 

equilibrium. 




olid, liquid and vapour phases coexist in 


Criticai point (C.P): The limit of distinction between a liquid and vapour. 
Criticai pressure: The pressure at the criticai point. 

Criticai temperature: The temperature at the criticai point. 


Gas - A vapour whose temperature is greater than the criticai temperature 


Liquid-Vapour terms: 

Saturation temperature: The phase change pressure. 

Compressed liquid: Liquid whose temperature is lower than the saturation 

temperature Sometimes called a sub cooled liquid. 

Saturated liquid: Liquid at the saturation temperature corresponding to the saturation 

pressure. That is liquid about to commence evaporating, 
represented by the point f on a diagram. 

Saturated vapour: A term including wet and dry vapour. 








Dry (saturated) vapour: Vapour which has just completed evaporation. The pressure 
and temperature of the vapour are the saturation values. Dry vapour is represented by a 
point g on a diagram. 

Wet vapour: The mixture of saturated liquid and dry vapour during the phase change. 
Superheated vapour: Vapour whose temperature is greater than the saturation 
temperature corresponding to the pressure of the vapour. 

Degree of superheat: The term used for the numerical amount by which the 
temperature of a superheated vapour exceeds the saturation temperature. 


INTRODUCTION 

For any system we need a working substance to convert a heat energy which is 
produced by a fuel into mechanical work. In the p; evious article we considered an ideal 
gas as a working substance. But in practice, there is no ideal gases exist. In this article, 
we consider steam as a working substance because of its following unique properties 

> Steam can be produced from water which is cheap and readily available in 
large quantity. 

> lt can carry large anv unt of heat. 

> lt can be use i for some other purposed after its duty as a working 
substance is completed. 
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Heating of ice 


T'su P - Temperature of superheated steam 


T s - Saturation temperature (100°C) 4 
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STEAM FORMATION 


Consider one kg of water in a closed v essel under a pressure of p n/m 2 ant at a 
temperature of - 20 °C. If we heat the vater gradually when pressure remains constant, 
the following changes will occur: 

(a) The temperature of the ice will increase till it reaches the freezing temperature of 
water i.e. 0°C. This shown by the line 1-2 in fig. 

(b) When we add more heat after the point 2, the ice starts meiting at the same time. 
There is no rise in temperature till the whole of the ice has been melted and 
converted into water. This process is represented by a line 2-3 in fig The heat 
added during this period is called Latent heat of fusion of fusion of ice or 
Latent heat of ice. 

(c) On further heating, the water reaches its boiling point or saturation point4. This 
saturation temperature varies with pressure. At the atmospheric pressure, boiling 
point of water is 100°C. The amount of heat added during heating of water from 
0 °C to saturation temperature of 100° C is known as sensible heat or Latent 
heat of water. It is denoted by hf. 

Mathematically, hf = m C p ( T 2 - Ti) 



























































(d) On further heating beyond 4, the water will gradually be converted into steam, 
when the temperature remains constant. At this stage, the steam will have some 
water particles in suspension and is called wet steam. The same process 
continues till all the water particles converted into wet steam. The line 4-5 in fig. 
represents this process. 

(e) lf the water is heated further the water particles in suspension will be converted 
into steam. The same without any water suspension is called as dry steam or 
dry saturated steam. 



The amount of heat added during heating of water from boiling point to dry 
saturated stage is called as Latent heat of vaporization or Enthalpy of 
vaporization or Latent heat of steam. It is denoted by ‘hf 9 ’. 


te. 




When the dry steam is further heated, the temperature rises again. This process 
is called Superheating ’ and the steam obtained is known as superheated 
Steam. 




The heat supplied to the dry steam at saturation temperature T s (i.e. 100°C), to convert 
it into superheated steam at the temperature T SU p is called heat of super heat of 
Superheat enthalpy. It is denoted by ‘hsup’. 

Mathematically, hsup = h g + C p { T SU p- T s ) kJlkg 

Dryness Fraction 


It is defined as the ratio of the mass of the dry steam to the mass of wet steam 
actually Present. It is denoted by ‘Y. 

17 Hl 5 

Dryness fraction, X = -=— 

mf+ mg 


where, 

m g - mass of dry steam in kg 

rnt - mass of water vapour in suspension. 

This dryness fraction when expressed in percentage (i.e 100 x) is called the quality 
of system. 




PROPERTIES OF STEAM 


Various properties of water at various conditions of steam. 

1. Enthalpy ofsteam(h); 

lt is the amount of heat added to the water from freezing point to till the 
water becomes wet of dry or superheated steam. 

For wet steam, hwet = hf + xht g kJ/kg 

For dry steam, hdry =h g = hf + ht g kJ/kg 

For superheated steam , hsup=hg + 

Where, 

(Tsup —Tsa t) is called as’degree of superheat. 

2 . Soecific volume of steam (v): 

lt is defined as the volume o^ :upied • / the unit mass of the steam at the 
given pressure and temperature. 

For wet steam, v W et = xv g m 3 /kg 

For dry steam, Vdry = v g m 3 /kg 

For supt rl 3ated steam, v S up = v g T S up/T S at m 3 /kg 

3. Density of steam (p); 

lt is defined as the ratio of mass to the unit volume of the steam at given 
pressure and temperature. Its value for wet, dry and superheated steam is the 
reciprocai of the specific volume of the steam. 

4. Workdone durinq expansion(W): 

During the evaporation process, there is a considerable increase in the 
volume when pressure remains constant. Thus some amount of externai work is 
done during evaporation. In other words, it is the energy required for absorption 
of latent heat for increasing volume of the steam. 

For wet steam, Wwet = 100 Pxv g kJ 

For dry steam, Wdry = 100Pv g kJ 


Cp(Tsup —Tsat) kJ/kg 





For superheated steam, W SU p = 100 Pv SU pkJ 

Where p- pressure at which evaporation takes place in bar. 


5. Internai enerqy of steam (U): 

Internai energy of steam is defined as the actual heat energy stored in 
the steam above the freezing point of water at the given conditions. It is the 
difference between enthalpy of steam and the externai work done. 

h=W +Au 

Au=h-W 


For wet steam, u W et= (hf+xhf g )-(100pxv g ) kJ/kg 
For dry steam, Udry= (ht + ht g )-(100pv g ) kJ/kg 



For superheated steam, u S up= h S up-(1i 'ov SU p) kJ/kg 


6 . Entropy of steam (s): 

It is the property of the steam which increases with increase in 
temperature and decrease with decrease in temperature. 

For wet steam, Swet = st + xst g kJ/kg K 

For dry steam Sdry = st + st g kJ/kg K 

For superheated steam, s S up= s g +Cpslog e (Tsup/T s ) kJ/kg K 


T - S DIAGRAM FOR WATER AND STEAM 


T-s is the plot of the saturation temperature of water and steam corresponding to 
the various absolute against the entropies at those saturation temperatures. It is shown 
in fig.. It is very much useful to solve the numerical problems on steam as it 
considerably reduces time and labour in making calculations. 

In the T-s diagram, the region left of the water line, the water exists as liquid. In 
the right of the dry steam line, the water exists as a wet steam. Therefore the dryness 
fraction lines are represented in these regions as shown in fig. 3.2. The value of various 
quantities can be directly read form the diagram. 




It can be noted from the figure that the water line and steam line are converging 
with the increase in temperature. At a particular point, the water is directly converted 
into dry steam without formation of wet steam. This point is called criticai Point’. 

The criticai temperature is the temperature above which a substance can not 
exist as a liquid. The corresponding pressure is called criticai pressure. The criticai 
pressure and temperature of water are 221.2 bar and 374.15 o C respectively. 



An isothermal process is represented by a horizontal line and a reversible adiabatic or 
isentropic is represente i by a vertical line as shown in fig. In the diagram, constant 
volume lines are plotted in the wet region and constant pressure lines are plotted in the 
superheated region. 

The T-s diagram represents the whole cycle of heat addition and rejection 
whereas the p-V diagram represents only the work done. 

USE OF STEAM TABLES 

In practice, it is very tedious to calculate the relations between various quantities 
like pressure, temperature, specific volume, specific volume, enthalpy, and entropy of 
steam at various stages. These properties have been determined experimentally and 
tabulated in a specific manner is known as steam tables. The values of the various 
quantities given in these tables are for 1 kg of steam which is dry steam which is dry 
saturated. The calculation for wet steam can be easily made by making suitable use of 
such table. The following three main divisions present in the steam tables. 
















Table I shows the various quantities like specific volume, specific enthalpy, and 
specific entropy for various pressures. If the required pressure is not directly included in 
a steam tables it is obvious that it would be lying between two consecutive pressures. 
Such a data can be calculated by simple interpolation. 

Table II shows the various quantities for various saturation temperatures since 
there is only one saturation temperature for each saturation pressure. 

Table III shows the superheated steam table. Here the various quantities like 
specific volume, specific enthalpy and specific entropy for various pressure and 
temperature are shown in tabular from. 

It can be noted from the properties of a saturated steam that the increase of 
pressure results in gradual increase of sensible heat and decrease of latent heat of 

H: Hk 

vaporization. But the enthalpy of dry steam increases up to a certain pressure 
(approximately 33.5 bai) and then it decreases. 




USE OF MOLLIER CHART 

It is also called as Enthalpy-Enthalpy (h-s) diagram. In Mollier chart, the vertical 
ordinate represents the total heat while the base represents the entropy as shown in fig 

In Mollier chart, the dry steam line divides this chart into two regions. The region 
which is below the dry steam line represents the wet condition of steam. Here, the 
dryness fraction lines are shown parallel to dry steam line. The region above the dry 
steam line represents ti e superheated condition of steam. In this region, constant 
temperature lines are shown. It should be noted that the lines at constant pressure are 
straight in the wet steam region but curved in the superheated region. 



PROBLEMS: 












1. Find the samration temperatura, the changes in specific volume 
and cntropy durirg cvaporation, and the latent heat of vaporization of steam at 
1 MPa. 

Soiutian At I MPa, from st 0 am tabls 


179.91 °C 


3 


tí f =0.Ü01127 m/kg 
p g = 0.19444 mYkg 
v ft = - t»f » 0.1933 mVkg 

s f = 2.1387 U/kg K 


Ans. 


s 


6.5865 U/kg K 


• • 


5 fg 3 s g - Sf — 4.4478 kJ/kg K. 
h is - h £ -h i = 2015.3 kJ/kg 


2. Find the enthalpy, cntropy. and vol 

380°C. 

Solufion At p “ 1.4 MPa. in Table A.l(b), “ 19 

of steam must be in the superheated region. 

superheated steam, 

at 1.4 MPa. 350°C v - O 2003 m 5 /kg 

h -3149.5 kJ/kg 
s = 7.1360 kJ/kg K 

and at 1.4 MPa. 400°C v — 0.2178 m J /kg 

h - 3257.5 kJ/kg 
s -7.3026 kJ/kg K 

By interpolation 

at 1.4 MPa, 380°C v = 0 2108 mVkg 

h = 3214.3 kJ/kg 
s « 7.2360 kJ/kg K 




at 1.4 MPa, 


erefore, the State 
.2, for properties of 


Ans. 



3 ■ A vcsacl of volume U .04 m ,+ contai ns a mixture of saturated wat er 
and satutated sieam ata tetnperanire of 250°C. Themass of lhe liquid present is 
9 kg. Find lhe pressure, lhe mass, the specific volume, the enthalpy, lhe entropy, 
and the internai energy. 


Solution From Table A, l(a) + aí 2S(f C |í Ht ■ 3+973 MPa 


v f = 0.0012512 mfrkg, t> g - 0.05013 mVkg 


Volume oflíquid. 


Volume ofvapour, 
Mass of vnpour 


A f = 1085.36 kJ/kg, 
í f = 2.792? kl/kg K, 

V]- = trif Uf 

“ 9x 0.0012512 
«0 01126 irv 

^ = 0.04-0.01126 
” 0.02874 m~ 


A flí = 1716.2 kJ/kg 
- 3.2802 k//kg K 


,,=i= 


$ 


£ 


Q.Q2S74 

0.05013 


= 0.575 kg 


Tobl mass of mixture, 

m 

Quality of mixturc, 


m i + m g = 9 + 0 575 = 9.575 kg 


m 


x = 


£ 


ttif + triç 


0.575 

9.575 




AIso, At 250°C, 


v = p { + xu u . 

= 0.0012512 + 0.06 (0.05013 - 0.0012512) 
= 0,0041 & m s /kg 
h = h{ +jAf. 

= 1085.36 + 0.06 x 1716.2 
= 118832 klAg 

j = jf + « Jg 

- 2.7927 + 0.06 x 3.2802 
jg^|>B95 kJ/kg K 
u — h - pv 

= 1188.32 - 3.973 X IO 2 x 0.00418 
» 1171.72 kj/kg 

Uf “ 1080.39 and - 1522.0 kJ/kg 

U = U t + JTH,g 




Ans. 


A ns. 


Ans. 


= 1080.39 + 0,06 x 1522 

-1071.71 kj/kg 4its, 







4 . Stcam initially at 0.3 NlPa, 250°C is coolcd at constant volume, 
(a) ai what temperaiun.' will lhe stcam become saturated vapour? (b) What is the 
quaiity at $0 e C? What is the heat transferred per kg of steatn in cooling from 
250°C to 80°C? 

Solulion At 0.3 MPa, / Mt = 133.55°C 

Since t > the State would be in the superheated region (Fig) 

rproperties of superheated stcam, at 0.3 MPa, 250®C 

v “ 0 7964 m J /kg 

h =■ 2967.6 kJ/kg 



• • 


t>, “ v i ~ v i ~ 0-7964 m 3 /kg 


In Tablc A. I 

whcn 

wbcn 


v B - 0.8919, - I20°C 


v. - 0.7706. = 125° 



n, would bc 123.9°. 

Ans. (a) 


B v " ' VV1 *Ml 

Thereforc, whcn ü g = 0.7964, f wt . by linear i 
Stcam would become saturated vapour at r 
At 80°C, p, * 0.001029 mVkg, v g = 3.407 mMíg, 

h ( = 334.91 kJ/kg, h H = 2308.8 U/kg, p w = 47.39 kPa 

tt, = = 0.7964 m 3 /kg = v rt# . c + x,y fí8(rc 

- 0 001029 + x, (3.407 - 0.001029) 

•• *2 " , * 0.234 

3.40597 

h 2 = 334.91 + 0.234 x 2308.8 = 875.9 kJ/kg 
h 2 = 2967.6 kJ/kg 

From the first law of thermodynamics 

áQ - du + pdv 
(ÓQX-úu 

or Qi „2 **■ u 2 ” u l ~ (^2 ~Pl “ (^t ~P\ v l) 

= (h 2 - h { ) + lip^p,) 

= 875.9 - 2967.6) + 0.7964 (300 - 47.39) 
-2091.7 + 201.5 
= - 1890.2 U/kg 


Ans. (b) 


Ans. (c) 
















5 . Steam initially at 1.5 MPa, 30(PC cxpands reversibly and 
adiabatically in a steam turbine to 40'C, Determine the ideal work output of the 
turbine per kg of steam. 

Sofurion The steady flow cncrgy equatiot) for the controt volume, as shown m 
Fig. goves (other energy terms being neglected) 

h^h 2 + ÍV 
W - h, - h 2 



Work is done by steam at the expense ufa foi in ilsenthalpy valuc. The proccss 
is reversible and adUbatic, so il is isentropte. The process is shown on the T-s 
and h-s diagroms 

From Tahlc A. l’[a), at 40°C 

p M = 7.384 kPa, 3 ( = 0,5725, and í f| - 7.6845 kJdtg K 

h f = 167.57, and h (s - 2406.7 kJ/kg 

Atyí= 1.5 MPa, 3QQ°C, ftom the tabulatcd propcities ofsupcrheated steam 
(Table A. 2) 

si =6.9189 kJ/kg K. 
h | = 3037.6 kJ/kg 




Since ,Ç| - 

6.^189 = í f + -Cj 4Q»c 

= 0.5725 + jr 2 * 7.6845 

x - - 0.826 or 82.6% 

7.6845 

" ^2 = A f 4<rc + Xj Af 6 40 3 C 

- 167,57 + 0.826 x 2406.7 
■*2152.57 y/kg 
W = h x -h l = 3037.6 - 2152,57 
**885.03 kJ/kg Ans. 


























®-Steain íluws in a pipeline at 1.5 MPa. After expanding to 
0.1 MPa in a throttling calcrimeter, the tempera tu re is found to be I20°C Fínd 
thc quality ofateam in the pipeline. What is ttie itmunum moisture at 1.5 MPa 
that can be dettrmíned 'with titis seí*up if at least 5°C of superfteat is required 
after throttling for aecmate readings? 

Soíuiion At State 2 when p - 0.1 MPa, r = I20X by inter- polation 



The maximum moisture ihat can be deteimmed with th is set-up is only 5.2%. 

Ans. 







UNIT-II 


OBJECTIVE: 

To familiarize the students with the topics of energy and Entropy and know learn 
about the 1 st Law & 2 nd law of thermodynamics and its applications. 

THERMODYNAMICS ANALYSIS OF A SYSTEMS 


Work is defined as energy in transition between system and surroundings, 
without transfer of mass. Work is said to be done by a system on its surroundings if the 
sole effect externai to the system could be the raising of a weight. 



(a). The motor drives auan (b) the effect of work transfer from the system are 
driving the fan. 

Work is done by the system taken as positive quantity. 

Let us consider a system which include paddle wheel with stirrer. To raise or 
lower the weight, the work is given to the system. 

Work is done on the system taken as negative quantity. 

SIGN CONVENTION FOR WORK: 

Work done by the system on its surroundings is considered as positive. When 
work is done on the system as negative. 











































HE AT TRANSFER: 


lt is defined as the form of energy. (i.e) transfer between two systems (or a 
system and its surroundings) by virtue of temperature difference. The transfer of heat 
into the system is referred as heat addition and transfer of heat out of the stem as heat 
rejection. 

Heat is energy in transition. It is recognized only as it crosses the boundary of the 
system. The term heat is denoted by <f> . Heat simply means Heat transfer. Heat flow 

into the system is taken as positive and heat flow out of the system is taken as negative. 






^posi^O 

1 


k 


J 

& 

So RR.oukjDI Kí0\3 


(Negativa) 


Heat addition <j> (+ve) 
Heat rejection ^ (-ve) 


DISPLACEMENT WORK - 



Displacement Work - Pdv Work:- 









































Consider a gas enclosed in a piston and cylinder arrangement as shown in figure. The 
system is in thermodynamic equilibrium in initial position (piví) and the piston moves to 
final position, which is also a thermodynamic equilibrium State specified by P 2 V 2 . 


dw = force x distance 


= F x dx 


But F = P x A 


■=> = PA x dx But dv = Adx 

For any process chanting, cooling, expansion, compression 
Dw = pdv 
■=> Work done is 


z z 

\dw = f pdv 

1 1 

W 1-2 = 

2 

f pdvnm 




<Ò 


fo 


Area under the curve in pv-diagram gives th 3 work done under the process 


ie work 


POINT AND PATH FUNCTIONS: 


The quantities pressure, volume, heat, work etc... can be grouped under two 
classes namely point and path functions. 

POINT FUNCTION: 


Thermodynamic properties are point function. Since for a given State there is a 


ies ar 


definite value for each property. 

They depend only on the State and not on how the system reaches that State. 
They have exact differentials. 

A small change in Volume is represented by dV and the total change in volume 
during a process 

jdv = V 2 -V 1 


For a cyclic process, the initial and final States are same and bench, the change 
in any property is zero is 

f dp = 0, j> dv = 0, | dT = 0 




PATH FUNCTION: 



Path Function 

Heat and work are path functions. The system from which State 1 to State 2 along many 
quasi - static process such as A, B and C. Since the curve represents the work for each 
process. 

The amount of work involved in each case is not a function of end State of the 
process and it depends on the path of the system follows from State 1 to State 2. For 
this reason, work is called path function and dw is an in - exact differential 


f dw ^ w2 — wl ==> [ dw = W 1 — 2 




FIRST LAW OF THERMODYNAMICS: 

First law of thermodynamics State s that, “when a system undergoes a cyclic 
process, then the net heat transfer is equal to the net work transfer”. 

Mathematically, 



í sw -1 d(f> = 0 


According to law of conservation of energy, “Energy can be neither created nor 
destroyed but it can transferred to one form to another”. In general for any 
Thermodynamic Systems, the first law of Thermodynamics can be written in the form of 
following equation. 

Heat transfer = Work done + change in Internai Energy. 

Q = W + AU 















FIRST LAW FOR A SYSTEM UNDERGOING A CYCLE: 


JOULE’S PADDLE WHEEL EXPERIMENT (CLOSED SYSTEM) 


"JVvjlt wo \ 



Energy which enters the system has heat may leave the system as work or 
energy which enters the system as work may leave the system as heat. 

Let us consider an insulated system which consists of a liquid at a temperature 
“Ti”and pressure “Pi” maintained at atmospheric pressure. A paddle wheel which is 
placed in the system with weight W. A thermometer is placed in the system to measure 
the temperature differences. 

When the weight falis down, this drives the paddle wheel to pulley. A quantity 
work can be measured by the fali of weight. During this fali, the paddle wheel stirs the 
liquid: the temperature of the liquid is increased and taken as “T 2 ”. Work transfer: 1-2 


Now the insulations is removed such that system and surrounding are interacted 
by heat transfer till the system returns to its original temperature attaining the condition 
of Thermal equilibrium with Atmospheric. Heat transfer: 2-1 

The system thus executes the cycle which says that an infinite amount of work 
transfer into a system equal to amount of heat transfer from system. Hence work done 
during process 1-2 is always proportional to heat transfer during process 2-1 


W 1-2 


a(j) 2-1 
W = JQ 









































Where J - Joule equivalent / mechanical equivalent of heat 
lf no. of cycles are involved 

(e W )cycle = (e <f>)cycle 

(of) 

| dw = | dQ. 


ENERGY - THE PROPERTY OF THE SYSTEM: 


t 

P 


\ 



Consider a system changes from st 
State 2 to State 1 by path B. 


For path A 

QA = AEA 
==> UA - w. ; 

For path 

QB = AEB + WB 
==> QB - WB = AEB 



ãi' I to 

C> 



2S 
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2 by following path A and returns from 


The process A and B together constitute a cycle, for which 


(e W )cycle = (e <f)cycle 
WA + WB = <t>A + <f)B 
==>WA-<f>A = <f>B-WB 
WA-<j>A = -\WB - <f)B\ 

A EA = - AEB 


From 1 & 2 









Similarly had the system returned from State 2 to State 1 by following the path C instead 
of path B. 

For path A, 

</>A = AEA + WA 
(j)A-WA = AFA 
ForpathC 
<f)c = AEC + Wc 
qkc - Wc = A Ec 


The process A and C together constitute a cycle, for which 


(X W \ : ycle = {^(f)]cycle 

WA + WC = (f>A + (fC 
<j)A - WA = WC - (j)c 
AEA = -EC 

AEB = AEC 


From 4 & 5 from 3 and 6 


x<0 

Cr 


fo 


Therefore it is seen that the change in energy between two States of a system is 
same, whatever path the system follows undergoing that change of State. Hence it is a 
point function and the property of the system. T he energy E is an extensive property. 


ENERGY OF AN ISOLATED SYSTEM: 

An Isolated system 's one in which there is no intersection of the system with the 
surrounding. 


d(f) - 0: 
dW = 0: 


According to first law dE = 0; or E = constant Energy of an isolated system is always 
constant 

SPECIFIC HE AT CAPACITY (C): 

The specific heat capacity or heat capacity of a substance is defined as the 
quantity of heat transfer required to raise or lower the temperature of the unit mass of 
the substance through one degree. 


This is denoted by the symbol ‘C’. Its unit is given as J/kgk or kJ / kgk. 




SPECIFIC HE AT CAPACITY AT CONSTANT VOLUME [Cv]:- 

lt is defined as, the quantity of heat transfer required to raise or lower the 
temperature of unit ma of the substance through one degree when the Volume remain 
constant. It is denoted by the Symbol ‘c v ’ 

When the gas is heated or cooled at constant volume, the heat transfer is given 
by 


(j) = mcv (T2 - T I )kJ 


Where, ^ - Heat transfer (kJ) ; m - mass of the gas (kg) 

Cv - Specific heat capacity at constant Volume (kj / Igk) 

Ti—Initial temperature of the gas (k) 

T 2 - Final temperature of the gas (k) 

SPECIFIC HEAT CAPACITY AT CONSTANT PRESSURE [Cp]: 

It is defined as the quantity of heat transfer required to raise or lower the 
temperature of unit mass of the substance through one degree when the pressure is 
kept constant. It is denoted by the Symbol c P . 

When the gas is heated or cooled at constant pressure, the heat transfer is given 
by 

(/> = mcp(T2 — Tl)j 


Cp is always greater than c v 

The ratio of two specific heats (cp / c v ) remains constant and it is denoted by the Symbol 

CD 

/ v. It is also called adiabatic index. v = — For air cp = 1.005 kJ /kg.K = 1.4c v = 0.718 kJ 

cv 

/kg.K 



PERPETUAL MOTION MACHINE (PMM) OF FIRST KIND: 

There can be no machine which would continuously supply mechanical work 
without some other form of energy disappearing simultaneously. Such a fictitious 
machine is called PMM of first kind. 


Thus, a PMM1 is impossible. 




INTERNAL ENERGY (U): 


Internai energy of a gas is the heat energy stored in the gas at a given 
temperature. It is denoted by the letter ‘U’. 


U = mcv kj 

Where m - Mass of gas (kg) 

c v - Specific heat at constant volume (kJ / kgk) 
t - Temperature of the gas (°c) 

CHANGE IN INTERNAL ENERGY (AU) 


When heat is supplied to a certain mass of gas a) the temperature of the gas 
may increase (or) b) the volume of the gas may increase doing externai work (or) c) it 
may do both. 

The increase in heat energy stored in the gas due to rise in temperature is known 
as increase of internai energy or change in internai energy. 


m - Mass of the gas (kg) 



Cv - Specific heat capacity at constant Volume (kJ / kgk) 
Ti - Initial temperature of the gas before heating (k) 

T 2 - Final Temperature of the gas after heating (k) 


FIRST LAW APPLIED TO F OW PROCESSES 
STEADY FLOW PRG'ES~ 

Steady flow means that the rates of flow of mass and energy across the control 
surface are constant. 


At the steady State of a system, any thermodynamic property will have a fixed 
value at a particular location and will not alter with time. 

STEADY FLOW ENERGY EQUATION (SFEE): 

Consider a thermodynamic system in which a fluid is flowing at a steady steady 
State. Fluid enters the system at point 1. And leaves the system at point 2. The space 
under consideration between entry and exit is known as control volume. 




Assumptions made in the system analysis. 

1. The mass rate of flow through the control volume is constant. 

2. Only potential, kinetic, Internai and flow energies are considered. Other forms of 
energy are not considered. 

3. The interaction between the system and the surroundings are only work and 
heat. The rate at which work and heat cross the boundary is constant. 

4. The State of fluid at any point remains constant at all times. 


Let 


A+ entry 


A+ exit 


Intensity of pressure (N/rri 2 ) 


Pi 


P 2 


ui 


U2 


Internai energy (J / kg) 

Velocity of flow (m / s) 

Height above datum(m) 
Specific Volume (m 3 / kg) 

Enthalpy of working fluid (J /kg) 
Areas (m2) 


Mass (kg) 

Q - Heat transfer during th< low through the system (J / kg) 

W- Work transfer durino the low through the system (J / kg) 

- --t S> 
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MASS BALANCE: 


By the conservation of mass, if there is no accumulation of mass within the 
control volume, the mass flow rate entering must equal the mass flow rate leaving 


Mi 


= M 2 


A, Ví = A 2 V 2 
Vi 


V, 


Ai = V 2 Vi 
A 2 V i ‘ V 2 


tt 


-d: 

4 _; 

77 J- 
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Yi Yi 

Vi -v 2 


_ 


IV2 Vi 

Vi v 2 


ENERGY BALANCE: 
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By the conservatio,' o' energy, the total rate of flow of all energy streams entering 
the control volume must equal the total rate of flow of cull energy streams leaving the 
control volume. 

Total energy entering the system = potential energy+ kinetic energy 

+lnternal energy + flow energy 
+ Heat transfer. 


v , 2 

■=> Total energy entering the system = g Zi + — + u 1 + p { Q { +Q 


1 

■ ■ ■ ■ 1 


Total energy leaving the system = potential energy + kinetic energy + Internai energy 


+ Flow energy + Work transfer. 




2 

■ ■ ■ ■ 


Total energy leaving the system = g Z 2 + — + u 2 + p 2 Q 2 +W 


By low of conservation of energy. 

Energy Entering the system = Energy leaving the system From 1 & 2 


Vi 


V 


^ 9 Zi + — + h t + Q- gZ 2 + — + h 2 +W 

2 2 

o Q-W = g(z 2 -z i ) + -l ~ 1 +{h 2 -h l ) 

“m” is mass flow rate of the fluid, Eqn. 4 becomes 


.... 3 


4 

■ ■ ■ ■ 1 


4 *Q-W = m[g(Z 2 -Z 1 ) + 


v£-vl 


+ 


(h 2 - h ,)] 


5 

■ ■ ■ . 


lf h, Q and W are expressed in KJ /kg, Eqn. 5 becomes 


5 “^Q — W = m 


And finally, 


/ z 2 -za v?-v 2 
v 1000 ) 


2000 


i + Chz-h,)] 


m 


(j£í_ + ^_ + hl ) + Q = 
V1000 2000 A / ^ 



1000 2000 


APPLICATIONS OF STEADY FLOW ENERGY EQUATION:- 

ínerg> < 



+ W 


a. 

b. 

c. 

d. 

e. 

f. 


The steady flow energy equation is applied in 

Steam generators (boilers) 

Steam condensers 
Steam nozzles 
Air compressors 
Steam or gas turbines 
Air heaters. 


a) Steam Generator (Or) Boiler:- 

Boiler is equipment which generates steam. Water is supplied to the boiler. This 
water is heated by burning fuel ad steam is generated. This steam is supplied to 
machines for doing work. 




S+earo o txi 






2 




^—r 


L 


s 


; 


v^ak/f 

|rt 


VJ 

u^pu, ~~~ — _J 


Steam Generator 


o No mechanical work 

Is W = 0 


2S 
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C 


o Fluid velocity at the inlet and exit is small. There is no change in kinetic energy 


Vi = V 2 


Potential energy between inlet and exit is also negligible 


Zi = Z 2 
ForSFEE, 



i+(h 2 —h, )] 


Q - W = m |g 

O Q = h 2 - hi j/ 

b) Steam Condenser:- 

A steam condenser condenses steam into water. The main function of a 
condenser is to transfer the heat out of the steady flow system. 

■=> No work is done W= 0 

■=> No change in K.E VI = V2 

o No change in potential energy Zi = Z 2 


SFEE, 


Q — W = m 


Z 2 - Zi\ V 2 2 - V 2 

+ -4^ + (h 2 - h, ) 


1000 


2000 
































Heat transfer, 

■=> Q = h 2 - hi j/kg 



X* 

Nozzle is a device used for increasing the velocity 


c) Steam Nozzles:- 


of flowing fluid at the cost of 


pressure drop. 



Bocit 


Steam Nozzles 





















































o Q - W = m [g C^-h) + + (h 2 - hi ) 

^ L 6 V 1000 / 2000 v 1 1 J \ 


V| - Vt 

— —h (h 2 — h x ) — 0 

2000 


V| ~ Vj 
2000 


= (hi - h 2 ) 


VÍ - Vi = 2000(hi - h 2 ) 


Vi = Vi + 2000(11! - h 2 ) 

F 2 = yjvi + 2000 ( 11 ! - h 2 )m/s 
hi,h 2 are in kj/kg. 


d) Air compressors:- 


x 


<?j 




Air compressor is a machine used to produce high pressure air. It takes in 
atmospheric air and compresses it to a high pressure. It may be broadly classified as i) 
rotary compressor ii) reciprocating compressors. 


Rotary Compressor:- 


- OV/ . o. 


Rotary compressor ha; a rotor to develop pressure. In this type of compressors, 
the rate off low is very high. Hence this process is treated as reversible adiabatic or 
isentropic. 


SFEE, 




Work input, W= hi - h 2 J/ kg 

Reciprocating Compressor:- 

lt has a cylinder in which a piston reciprocates. In this type, the rate of flow is 
comparatively low and large area is in contact with the surroundings. Hence heat 
transfer is in contact with the surroundings. Hence heat transfer is appreciably more and 
cannot be neglected. 

SFEE, 


Work input, yu _ <t> + ( hi - Ii 2 ) J/kg 




e) Steam turbines:- 

A steam turbine is a device which converts the energy of steam into mechanical 
work. Steam is expanded thru a nozzle and a certain amount of head energy is 
converted into kinetic energy. The steam with high velocity flows over curved blades 
and its direction of motion is changed. This causes a change of momentum and force 
thus developed drives the turbine shaft, 

SFEE 

Work output, W = (hi- Ii 2 ) J/kg 












PROBLEMS: 


1. Whcn a systcm is takcn from State a to State b. in Fig. Ex. 4.2, 
along path ach, 84 kJ of heat flow into thc system, and the systcm does 32 kJ of 
work. (a) How much will thc heat that fio ws into the systcm along pilhadb be, if 
the work done is 10.5 kJ? fb) When lhe systcm is retumed from b to a along thc 
curvcd path, thc work done on thc system is 21 U. Does thc systcm absorb or 
libenite heat, and how much of the heat is absorbed or liberated? (c) lf L\ - 0 and 
U a * 42 kJ, find the heat absorbed in the processes ad and db. 


Solutlon 


We have 


(a) 


(b) 



2 A piston and cylindcr machinc contains a fluid systcm which 

passes throtigh a complete cycle of four processes. During a cycle, the sum of all 
heat transfers is -170 U. The system completes 100 cycles per min. Complete the 
following tablc showing the method for each item, and compute the net rate of 
work output in kW. 


Process 

a-b 
b-c 
c-d 
d— a 


Q (U/min) 

0 

21.000 

- 2,100 


W (kJ/min) 
2,170 
0 


âE (kJ/min) 


-36.600 












Solution Process a-b: 


Process b-c: 


Process c-d: 


Process d-a: 


Q - A£ + W 

0 = AE + 2170 
A£ = -2170 kJ/min 

Q * A£ + W 
21,000 = A£+0 

A E = 21,000 kJ/min 

C?« A E+fV 
- 2100 - - 36,600 + W 
W = 34,500 kJ/min 


X<? = -170 kJ 

eyele 


The system completes 100cycle&/min 

v e«b + (?t* + Qd + Q<i* = ~ * 7,000 kJ/min 

0 + 21,000 - 2,100 + <2^ -- 17,000 

- - 35.9|^|^^^ 

Now d£ = 0, since cyclic integral of any property is zero. 
A ^*-b + A ^b-c + + ^ £<»-• " ® 

- 2.170 + 21.000 - 36,600 + A£j_. - 0 

A = 17,770 kJ/min 

= -35,900- 17,770 
— - 53,670 kJ/min 
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The table becomes 
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Process 

Q (kJ/min) 

W (kJ/min) 

A£ (kJ/min) 

a-b 

0 

2,170 

-2,170 

b-c 

21,000 

0 

21.000 

c-d 

-2,100 

34,500 

- 36,600 

d-a 

- 35,900 

- 53,670 

17,770 


Since 

Rate of work output 


lQ= S**' 

eyctc «vele 

— - 17,000 kJ/min 
= -283.3 kW 


Ans 




3- A fluid is confmed in a cylinder by a spring-loaded, frictionlcss 
piston so that thc prcssurc in thc fluid is o linear function of thc volume 
ip “ a + bV). The intcmal cnergy of thc fluid is given by thc following equation 

í/- 34 + 3.15 pV 

wliere U is in U, p in kPa, and Tin cubic metre. If lhe fluid changes from an 
initial State of 170 kPa, 0.03 m' to a flnal State of400 kPa, 0.06 m\ with no work 
other than that done on the piston. lind thc direction and magnitude of the work 
and hcat transfer. 

üolutwn The change in the internai cnergy of the fluid during the process. 

í/j — (/| "3.15 (pjKj — pj K|) 

* 315 (4 x 0.06 - 1.7 x 0.03) 

«315x0 189 = 5<> 5 IcJ 


p = a + bV 
170 «<i +6x0.03 
400 -0 + 6x0.06 

From these two equations 

a - - 60 kN/m 2 
6 = 7667 kN/m 5 

Work transfer involved during thc process 

y, v-, ^ 

»',_ 2 = jp dVs J(o + bV)dV 





fo 


O 


V 1 - V 2 

= a( P 2 - kJ) + 6—*——L- 


Work is done by 





-60 kN/m 2 + — x 0.00 m 

2 nr 


, the magnitude betng 8.55 kJ. 


*] 


Heat transfer involved is given by 

01-2 - Ul ~ 0 . + ^ 1-2 
= 59.5 + 8.55 
= 68.05 kJ 

68.05 kJ of heat flow into the system during the process. 






4 .Air flows stcadily at thc rate of 0.5 kg's through an air com¬ 
pressor, entering at 7m/s velocity, 100 kPa pressure, and 0.95 m J /kg volume, and 
leaviog at 5 m/s, 700 kPa, and 0.19 m Vkg. The internai energy of the air leaving 
is 90 kJ/kg greater than that of the air entering. Cooling water in thc compressor 
jackcts absorbs hcat from thc air at thc rate of 58 kW. (a) Compute the rate of 
shaft work input to the air in kW. (b) Find the ratio of the inlet pipe diameter to 
outlet pipe diameter. 

Solution Figure showsthedetailsoftheproblem. 



(a) Wnting thc steady flow energy equation, wc have 

V, : 



«t + PM + 


M*.f0 


9o 


d ff". 


L 


dT 




("2 -“|) + </V*l “ 



♦ !£ 


15. - -0.5 116 

dT 



ví - V, 

r Lt(Zj - Z ' )g l dr 


kl 


(7x0.19-1x0.95)100 
kg kg 


58 kW 


+ 38 - 0 012] Id/s -58 kW 
= -122 kW 


Ans. (a) 


work input is 122 kW. 
(b) From mass balance, wc have 


-4.V, ^V, 

ut — 1 1 — - i . 

V, - V, 

4l,IlA = MÍ x I,3J7 

A 7 v 2 V t 0.19 7 

- 1 - = Jxsi = i.89 

d 2 























5- In a steady flow apparatus, 135 kJ of work is done by each kg of 
uuíd. The spccific volume of the tluid. pressure, and veloeity at thc inlct are 
0.37 m^/kg. 600 kPa, and 16 ntfs. The inlct is 32 m ahove thc floor, and lhe 
discharge pipe is at floor leve). The discharge conditions are 0.62 m ’/kg, 100 kPa. 
and 270 m/s. The total heat loss between the inlet and discharge is 9 kJ /kg of 
flutd. In flow mg through this apparatus. does thc spccific intcmal energy mcrcasc 
or decrease, and by how much? 

Solulion Wriling the steady flow energy equation for the control volume. 



Mi 


P\ v í 


■5“ + Z t a + - M> + p 2 V 2 + 

2 d m 


y2 _ yí 

Ui-U^ipfr-ppi)* - 3 > -t-fZ;-, 

2 dm dm 


Spccific internai cnc 


(l x 0.62 - 6 x 0.37) x 10* 

+ (-32x9.81 x 10“ J )+ 135-(-9 0) 
-160 * 36.4f5.3i4 + 135 + 9 
0.136 kJ/ltg 
20.136 kJ. 





6. Air at a tempersíurc of 15°C passes through a heat exchanger at 

a veloeity of 30 m/s where its temperature is raised to 800°C. lt then enters a 

turbine with thc same veloeity of 30 m/s and expands until thc temperature falis to 

650°C. On Icaving thc turbine, the air is taken at a veloeity of 60 m/s to a nozzlc 
wnerc it expanos unui me temperature nas taucn to owru. ir me air now rate is 

2 kg/s, calculate (a) the rate of heat transfer to the air in thc heat exchanger, (b) 
the power output from lhe turbine assuming no heat loss, and (c) the veloeity at 
exit from thc nozzle, assuming no heat loss. Take the enthalpy of air as h • cy, 
where c p is thc spccific heat cqual to 1.005 kJ/kg K. and t the temperature. 

SolutUm As shown in Fig. writing thc S.F.E.E. for the heat exchanger 
and eliminating the terms not relevant. 



















Solution As shown in Fig. writing the S.F.E.E. for thc hcat exchanger 
and eliminating the tertns not relevam. 




V 2 


+ 0,-2 = H *2 + “ + Z 2 8 


+ w 


1-2 


wh t + 0,-2 = wh 2 

0,-2 - wih 2 - A,) - Htp (r 2 - <,) 

- 2 x 1.005 (800- 15) 

= 2.01 x 785 
= 1580 kJ/s 


Ans. (a). 


Heat exchanger 

© •/ C2 







fi « 15® C. ^ • 600 °C 
Ví 3 30 nVs. V 2 = 30 m/s 
f 3 s 650 c C. V 3 = 60 rrVs 
(4 = 500* C, V 4 = 7 


Energy equation for the turbine gives 

% 
V 


{ 


+ *2 j = wh 3 


V 2 - V? 


+ (A, - hy) = WjJw 


( 30 ‘ - 60 2 )x 10 


-3 


• © 


w 



+ 


+ 1.005 (800 - 650 ) = »V 


- 11.35 + 150.75 



• • 


IVt - 


149.4 kJ/kg 
149.4 x 2 kJ/s 
298.8 kW 


Ans. (b) 


Writing the energy equation for the nozzle 

V 3 V 2 

Z±. + h ^2jL+H 4 

2 2 

V 2 -V 2 

- 1 ~ h - Cpl't - U) 

V 4 2 -V, 1 = 1.005 (650 - 500) x 2 x 10* 
■ 301.50 x 10 J mVs 2 

= 30.51 x 10* m 2 ,s 2 
Vdocity at cxit from thc nozzlc 

V 4 = 554 nas 


Ans. (c) 




7. A cyclic hcat cnginc opcratcs bctwccn a sourcc tcrapcraturc of 
800°C and a sink temperature of 30°C. What is the least rate of heat rejection per 
kW net output of the engine? 

Solution For a rcvcrsiblc cnginc. the rate of hcat rcjcction will bc mintmum 


r, = 1073 K 
Source 



Sink 

T 2 = 303 K 


Now 


iraa 


= */rcv = 1 " 



= 1 - 

800 + 273 
" 1-0.282-0.718 


W. 



PCI 


- o™ - 0718 


Q i- 


i 


0.718 

Now Qi~Q\~ ^ 

= 0.392 kW 

This is the least rate of heat rejection. 


- 1.392 kW 
- 1.392 - 1 



8. A reversible heat engine in a satcllite operates bctwccn a hot 
reservoir at 7j and a radiating panei at T 2 . Radiatton from the panei is 
proportional to its arca and to r 4 . For a givcn work output and value of T\ show 

T, 

that the arca of the panei will bc minnnum whcn —= 0.75. 


Determine the minimum area of the panei for an output of 1 kW if the constam 
of proportionality is 5.67 x 10 * WhirK 4 and T | is 1000 K. 

Solution For the hcat cnginc (Fig. Ex. 6.7), the hcat rcjcctcd Q, to the panei 
(at r : ) is cqual to the energy emitted from the panei to lhe surroundings by 
radiation. If A is the area of lhe panei, Q «■ AT*, or Q : = KATÍ, wherc K is a 
constant. 














I Q 1 

A heV|-^w 

rVl/| 

7 0 2 = KAT« 
Pano! 

h 

o 2 

Flg. Ex. 6.7 


Now 


n - 


H ' 7; - r, 


or 


0 7; 

)T _ 0i _ Q 2 _ KAT^ 
T,-T> T, ~ T> T, 


AvfTY 


• • 


.4 


W 


AT^r, - r,) 


/C(7j7; J - r 2 4 

For a givcn JFand 7",, A will bc iriinimum whcn 


Sincc 


• • 


• # 


■fir — % Wi - 4T í)-(A 

<r, r 2 3 - r 2 V * o. 3 r,7? - 47^ 

— =0.75 Provcd. 

' 



\\ 


‘rmn 


WftimJjF-o.isr,) 

W 256 w 

K*Lt* 27 AT7T 1 
K 256 " ' 


Here 


1F = 1 kW, A' = 5.67 x MT* W/m 2 K 4 , and 7*, = 1000 K 

m 256 x 1 kW x m 2 K‘ l 
' roioB * 27 x 5.67 x 10"* W x(1000) 4 K 4 


_ 256 x10* 

“ 27x5.67x10"* xl O 12 
■* 0.1672 m 2 


Ans. 


brrecnilcf 




UNIT III 


OBJECTIVE: 

To familiarize the students with the topic of exergy and to learn about the 
practical applications of second law efficiencies 

DEAD STATE: 


A system exchanges work, heat and mass with its surroundings during the 
process. If the system reaches a State which is in equilibrium with its surrounding then 
the system cannot exchanges the work heat and mass with its surroundings. This State 
is called a dead State and its properties are denoted by subscript O, such as pressure 
Po and temperature T 0 . 


At the dead State: 


A system is at the temperature and pressure of it’ su.roundings. 

It has no kinetic (or) potential energy relative to it’s surroundings 
It does not react with the surroundings 
There are no unbalanced magnetic, electrical and surface tension effects 
b/w the system and it’s surroundings 


AVAILABLITY: 



The availability of a given systen. is dt/ ! ned as the maximum useful work (total 
work -PdV work) that is obtainable in a process in which the system comes to 
equilibrium with its surrounding a ailability is thus a composite property depending on 
the State of system and surroundings. 

Whenever useful work is c otained during a process in which a finite system 
undergoes a change of State, the process must terminated. 

Therefore for a closea s ystem availability can be expressed as 

0 = (U-Uo) + Po (v-Vo) - To(S-So) 


Similarly for an open system 


¥ = (H-Ho) - To(S-So) 


In steady flow system the exit condition are assumed to be in equilibrium with the 
surroundings. The change in availability of a system when it moves from one State to 
another can be given as for closed system 

0i - 02 = (U 1 -U 2 ) + Po (V 1 -V 2 ) - T 0 (Si-S 2 ) 

For an open system 

¥i -¥ 2 = (H1-H2) - To (S1-S2) 




IRREVERSIBILITY: 


In thermodynamics, a change in the thermodynamic State of a system and all of 
its surroundings cannot be precisely restored to its initial State by infinitesimal changes 
in some property of the system without expenditure of energy. A system that undergoes 
an irreversible process may still be capable of returning to its initial State; however, the 
impossibility occurs in restoring the environment to its own initial conditions. An 
irreversible process increases the entropy of the universe. However, because entropy is 
a State function, the change in entropy of the system is the same whether the process is 
reversible or irreversible. The second law of thermodynamics can be used to determine 
whether a process is reversible or not 

The actual work done by a system is always less than the idealized reversible 
work, and the difference between the two is called the irreversibility of the process. 

I = Wmax- W 

This is also some time referred to as degradiate or H issipat jn. For a non-flow 
process between the equilibrium States, when the system exchanges heat only with the 
environment. 

I =[(Ui-U 2 ) - T 0 (Si-S 2 )] -[ (Ui-U 2 )+Q] 

= [To (S 2 - Si) - Q] 

= To (AS) system + To (AS) surrounding 
= To [(AS) system + To(AS) surroundingj = To(AS) universe 

Similarly, for the steady flow process 
I = Wmax - W 
= To (S 2 - Si) - Q 

= To(AS) system + To(AS) surrounding 

= To [(AS) system + To(AS) surrounding] = To(AS) universe 

The same expression for irreversibility applies to both flow & non - flow process. 

REVERSIBLE FOR IN STEADY FLOW PROCESS: 

Let us consider and open system exchange energy only with the surrounding at 
constant temperature T 0 and at constant pressure P 0 . A mass dmi enters the system at 
State 1 , a mass d m2 leaves the system at sate 2 , an account of heat dQ is absorbed by 
the system an amount of work dw is delivered by the system , and the energy of the 
system changes by an amount d (E)e applying the first law, wehave, 





To 


= ÚW * ÓW C 


í 


ÕQ, 


Surroundings _ _ dlV, i y 
Po-Tq f . <£ : 


v t * 

+ — ♦ gz,) ; 


á) 



Vj 2 

*n 2 />2 *-^r*9h 




C.S. <7 


For a steady flow process 

dm, ■ dm 2 ■ dm 


and 



mV 2 

T 0 S+^i- + mg 


Equation (8.24) reduces to 





Vi + 


- + V 2 +-Y + 




« z 2 


For total mass flow, lhe integral forni of Eq. (8.25) becomes 


»'m«= W.- 3 W + 


«Ví 


+ mgr, 


H*- 


T O «Vj 2 

+ —r 2 - + mgr 2 


2 * J l ‘ 2 

The expression (// - T Ü S) is called the Keenan function, B. 


• • 


W. 




d Vi 
B x + —+ mgr, 



d m ^2 

B 2 + + mgr. 


m Yl ~*2 

wherc y is called the availability function of a steady flow process givcn by 


i y-B + 


mV 


mgr 


On a unit mass basis. 


W. 


mix 


»(*,- 


V 2 

Vi + |- 


V 2 

h 2 ~ V2 + -r- + 8*2 




V 2 

“ 1*2 +-“ + «22 


lf K.E. and P.E. changes are ncglcctcd 




- (H\ - h 2 ) - r„<s, - s 2 ) 








REVERSIBLE WORK IN A CLOSED SYSTEM: 


dm, = dm 2 = 0 


<Wnux=-d 


t/- r 0 s+ 


mV 2 


+ rngz 


where 


= -d(£-r ff y) 0 

E = U+?^+mgz 


For a change of State of the system from the initial State 1 to thc final State 2, 

** E\ — £j “ (^i “ $t) 

= (^1 ~ FqS,) “ (^2 “ ^0^2) 

If thc K.E. and P.E. changes are neglectcd, Eq. (8.31) reduces to 

^- (í/i - W- (c/ r - 

For unit mass of fluid, 

^rrux = («1 - «2) - 7 o - ^2) 

= ( M | ” Ttp\) ~ ( u 2 - ^ 0 * 2 ) 



USEFUL WORK: 

All of the work w of the system would not be available for delivery, since a certain 
portion of it would be spent in pushing out the atmosphere. The useful work is defind as 
the actual work delivered by a system less the work performed on the atmosphere if Vi 
and V 2 are the initial ano fina. volumes of the system and Po is the atmospheric 
pressure, then the work done on the atmosphere is P 0 (V 2 - Vi) . therefore , the useful 
work W u becomes 

Wu = Wact — P 0 (V 2 -Vi) 

_ r- V. 


/ 


System 


_ m 

y 

\ 

\ 

i 


✓ 


_ % 

Po.^o 

Surroundings 

(Atmosphere) 


Initial 

Boundary 

Final 

Boundary 


Work done by a clostd system in pushing out the atmosphere 




Similarly, thc maximum use/ul work wiil bc 

TOam " ^«a ~ Po ( V Z “ V 0 

In difTcrential form 

In a stcady flow system, lhe volume of thc systcm does not changc. Hence, thc 
maximum uscful work would rcmain thc same, i.e., no work is clone on the 
atmospherc , or 


-«W; 




But in thc case of an unstcady-flow opcn system or a closcd systcm, the volume 
of thc system changcs. Hcnce, whcn a system exchanges heat only with thc 
atmospherc, the maximum uscful work bccomcs 


(<!».)«.-<« »m, -Po W 
Substituting d from Eq. 


«W*) 




dm 


í *1 - T oh + - 


Çd 

f-i 


-d|tf 


+ / >„»'-r 0 S+-=^i + mg.-j 


This is thc maximum uscful work for an unsteady open system. 
For thc closcd systcm srv 


(«DO 




-H^l/ 


m V* 

+ PoVyToS + —j— + mgz 


= -d [E+PoV-Toft, 

(^.U - - £2 + Po < V\ - Vi) - T 0 (5, - S 2 ) 

If K.E. and P.E. changcs arc ncglected 

OVoum-í/|-4/ 2 +Po (Y\ “ Y*) - To (St - S 2 ) 

This can also bc written in thc following form 

(^u)mâx * (^1 + Po Y\ ~ V,) - (U 2 + PqV 2 - Ty> 2 ) 

m< P\-<>2 

where d is called the availability function for a closcd system given by 

fU+rf-T# 

Thc useful work per unit mass bccomcs 

(" í M i + Po v \ ” ) “ ( u 2 + Po v 2 ” 




EXERGY BALCNE OF CLOSED AND OPEN SYSTEM: 


CLOSED SYSTEM: 

For a closcd systcm. availability or cxcrgy transfcr occurs through hcat and wori 
intcractions 


\ 


Boundary 




1 st law: 




balanct for a doud lyiiem 

5 vCO 

J<*e - tt',-2 

i 


2nd law: 


r«'- 


rjs, -s,)-t b 


Subtracting 


1 2 \*q] 

E, - E, - rjs, - S,) = I âQ - -7iJ -f- 

1 íL 7 


}[<*<? 


r 0 Sgcn 


-r„s 






Sincc, 


^2“^l “ ^2 ~ ■*" PiA ^2 ~ ^|) — í"o(^2 “ 


A 2 ~ ‘ 

Chaxigc 
in. cxcrgy 




OQ - t^i-j -PM- n)l- V, 


Excrgy transfcr 
with hcat 


Excrgy transfcr 
with wortc 


Excrgy 

dcstruclion 




OPENSYSTEM: 


1 st law: 


m V 2 

//, + -f- + mgZ x 0,_ 2 


= //, + 


mK 


+ mgZ 2 + 


2nd law: 


• + í? - 


5 2 «=5 


*«> 


r <10 

r 0 (5, — <S 2 ) + 7 *o J 7 * 

»v / 


- 7*0 Sgen * 7 


w,_ 




■ V 



c.v. 

V 


<b 


O,. 


S... 


Exergy balance for a sUady flow sysUm 


From Eqs 


irçj oainncr jot a 


// 2 - //, - T 0 <S 2 -S x ) + + mg(Z 2 - Z.) 






ln thc form of rate equation at steady State: 




+ "»K, ~ a h ) - / cv = 0 


wherea f( -a fj =• (/i, - h 2 ) - 7^*, -s 2 ) + 


V? - K ; 


+ JKZ, -Z^and [1 — TV^jlÔj 


= time rate of exergy transfer along with heat Q occurríng at the location on the 

boundary where thc instantancous tempera ture is T y 

For a single stream entenng and leaving, the exergy balance gives 


[-ÍÍÍ---Í 


~ + a U - — ~ a h ” “ 

Jm 1 m 2 m 

Exergy in Exergy out Exergy loss 




SECOND LAW EFFICIENCIES OF THERMAL EQUIPMENTS: 
1. TURBINE: 


The steady State exergy balance gives: 


iii- 

m 


o 


G J 


W I 

+ = — + af 2 + — 


m 


m 



2.COMPRESSOR AND PUMP: 


Similarly for a compressor or pump, 


w 

m 


afi -af2+— 

m 


And 



a /2~ A/1 

_W / 

/ m 











PROBLEMS: 


Calculate the decrease in available energy when 25 kg of water 
at 95°C mix with 35 kg of water at 35°C, the pressure being taken as constant and 
the temperature of the surroundings being 15°C (c_ of water = 4.2 kj/kg K). 

Solution The available energy of a system of mass m, spccific hcat c p , and at 
temperature T, is given by 


A.E. * mc. 


](* ■ 4 ) 


d T 


(A.E.)jj 


Available energy of 25 kg of water at 95°C 

273 * 95 


- 25 x 4.2 


/>¥ 


dr 


273*15 


[ 


105 (368-288)-288 In 


368 

288 


] 


- 987.49 ki 

(A.E.)jj “ Available energy of 35 kg of water at 35 




147 (308 - 288) - 288 In 


308 

288 


Total available energy 

(A-E.),^,) 


97.59 kJ 

(A.E.)ij + (A 
987.49 + 97. 
1085.08 kJ 


£ 


Nr 


After mixing, if t is the final temperature 
25 x 4.2 (95 - 0 = 35 x 4.2(í - 35) 

25 x 95x35x35 


1 5 


25 + 35 


60°C 


Total mass aftcr mixing = 25 + 35 = 60 kg 

(A.F..) 60 = Available energy of 60 kg of water at 60°C 


= 4.2 x 60 í(333 - 288) - 288 In 


803.27 kJ 


Decrease in available energy due to mixing 

* Total available energy bcforc mixing 
- Total available energy aAcr mixing 
» 1085.08-803.27 

- 281.81 kJ Ans. 




2.The moment of inertia of a flywheel is 0.54 kg m*’ and it rotates 
at a spccd 3000 RPM in a large heat insulatcd system, thc tcmpcrature of which is 
15°C. If thc kinetic energy of the flywheel is dissipated as frictional heat at the 
shaft bcarings which have a watcr cquivalent of 2 kg, find the risc in the 
temperature of the bearings when the flywheel has come to rest. Calculate the 
greatcst possiblc amount of this heat which may bc rctumed to thc flywheel as 
high-grade energy, showing how much of the original kinetic energy is now 
unavailablc. What would bc thc final RPM of thc flywheel. if it is set in motion 
with this availablc energy? 

Solution Initial angular velocity of the flywheel 

_ 2/r Ni _ 2n x 3000 
60 60 

Initial available energy of the flywheel 


co. 


314.2 rad/s 


= (K-E.)^ = 

» 0.54 kg m : x (314.2)' 


rad 


= 2.66 x IO 4 Nm = 26.6 kJ 

When this K.E. is dissipated as frictional heat, if A/ is the temperature rise of 
the bearings, we have 

watcr cquivalent of thc bcarings x risc in tcmpcrature = 26.6 kJ 

26.6 


Ar = - 

2 x 4.187 

Final tcmpcrature of thc bcarin 

r f = 15 + 


- =3.I9°C 




Ans. 


The maximum amount of 
high-grade energy is 


rgy which may be retumed to the flywheel as 


The am 



291.19 . 

187 j íl- 


288 




d T 


(■ 


291.19 

288 


] 


X 4.187J (291.19- 288)- 288 In 
0.1459 kJ 

y rendered unavailablc is 
U*E. — (A.E.),^,^ — I u 

= 26.6 — 0.1459 
= 26.4541 kJ 

Sincc the amount of energy rctumable to the flywheel is 0.146 kJ. if (0 2 is the 
final angular velocity, and thc flywheel is set in motion with this energy 

0.146 x 10 J = — x 0.54 roí 

2 




146 


= 540.8 


0.27 

o >2 — 23.246 rad/s 
If N 2 is the final RPM of the flywheel 

2/r 


o>2 = 23.246 = 


60 


or 


N, 


23.246 x 60 
2 x n 


222 RPM 


Ans. 












3. Two kg ofair at 500 kPa, 80°C expands adiabatically in a closcd 
system until its volume is doublcd and its temperature bccomcs equal to that of 
the surroundings which is at 100 kPa. 5°C. For this proccss. determine (a) thc 
maximum work, (b) thc change in availability. and (c) thc irreversibility. For air, 
take c v ■ 0.718kJ/kg K, u = c v T wherc c v is constant, and pV = mRT where p is 
pressure in kPa, Avolume in m \ m mass in kg, R a constant equal to 0.287 kJ/kg 
K, and T temperature in K. 

Solution From the property relation 

TàS = dU + pàV 

the entropy change of air berween thc initial and final States is 

i i ‘ i ^ 


or 


T 

S 2 - S, m mc v ln ~ + mR ln 


From Eq. 




[ 




b 


b-f 


2- + ifln 


t)] 


278 


718(80 - 5) -t- 278 (0.718 ln — + 0.287 ln 

. ' , 353 



- 2 (53.85 + 278 (-0.172 + 0.199)] 

= 2(53.85 + 7.51) 

- 122.72 kJ 

From Eq the change in availability 

“ (í/| ~ t/j) — Ta(Sj — S^) + p Q (V x — Vj) 

VnmtMri-rj 

122.72+/? 0 (K,-2 r,) 

- 122.72 - 100 x 2 X 0 287 X 353 
82.2 kJ 


<?j 


500 


The irreversibility 


From thc first law, 


1 ve W — W 

1 fV max, uscful rr act 


w. 


êct 


Q-AU~-AU~ U, - U 2 


/=£/,- U 2 - T 0 (S t - S^)-(/,+ U 2 
- US 2 - 5,) 

= TqÍAS)^^ 

For adiabatic proccss, (AS)^ “ 0 


f] 


Ans. (a) 


Ans. (b) 


= 7 0 mc v ln — 

1 T x 


— + /n Tf ln — 


r j 


] 


278x2 


^0.718 ln 


278 


353 

278x2 (-0.172+ 0.199) 
15.2 kJ 


+ 0.287 


ln 2 ] 


Ans. (c) 







4. Air cxpands through a turbine from 500 kPa, 520°C to 100 kPa, 
300°C. During expansion 10 kJ/kg of heat is lost to lhe surroundings which is at 
98 kPa, 20°C. Ncglecting thc ICE. and P.E. changcs, determine per kg of air (a) 
thc decreasc in availability, (b) thc maximum work, and (c) the irreversibility. 


For air, takc c„ = 1.005 kJ/kg K, h = c p T where c p is constant, and Üie p, V and T 
relation 

Solution From the property relation 

rd5 -dH - y djy 

the entropy changc of air in thc expansion process is 

J J5- -1 me P d7 ~ }”«» 

l i * I P 


or 


S 2 - 5 ( = «Cp In —*— mR In 


Pl 

P\ 


For 1 kg of air. 

s-> - s, “ c 0 In - R In — 
P T, p, 

From Eq. the changc in availability 

Vi - Vi “ *1 - b 2 

~ (Aj — ) — (h 2 — TqSj) 

= (h l -h 2 )~ r 0 (j,-J 


=c p (r,-7y- 

« 1.005 ( 

= 1.005 
= 221.1 


The maxim 


From S.F.E. 




í 0.287 ln - - 1.005 ln — 1 
l 5 793 / 

.3267-0.4619) 


Ans. (a) 


hange in availability = - V 2 

= 260.7 kJ/kg 

£? + /», - W + h 2 

tV^lkx-hJ + Q 
-cpír.-r^ + e 
= 1.005(520-300)- 10 
= 211.1 U/kg 


Ans. (b) 


The irreversibility 


Altcmatively, 


=260.7-211.1 
= 49.6 kJ/kg 

/ = T 0 (AS„ + AS san ) 

573 


Ans. (c) 


293 


í 1.005 ln 


-0.287 ln - + — 

793 5 293 


] 


= 293 x 0.1352 + 10 
• 49.6 kJ/kg 


Ans. (d) 









5 .An air preheatcr is uscd to cool the products of combustion from 
a fumacc wnilc hcating the air to be uscd for combustion. The rate of flow of 
products is 12.5 kg/s and the products are coolcd from 300 to 200°C, and for the 
products at this temperature c p = 1.09 kJ/kg K. The rate of air flow is 11.5 kg/s. 
the initial air temperature is 40°C, and for the airc p — 1.005 kJ/kg K. (a) Estimate 
the initial and final availability of the products. (b) What is the irrevcrsibility for 
lhe process? (c) lf the heat transfer from the products occurs rcversibly through 
heat engines, what is the final temperature of the air? What is the power developed 
by the heat engine? Takc T a = 300 K and neglect pressure drop for both the fluids 
and heat transfer to the surroundings. 

Solutíon 


(a) 


Vi = 


initial availability of the products 
(Aj — A^) — r 0 (S, — Sq) 


c r I (7 ’s. _7 o )_7 o c p, ln T 


$]_ 

r* 


V 2 


« 1.09(573 - 300) - 300 x 1.09 ln 

= 297.57 - 211.6 = 39.68 kJ/kg 
= final availability of the products 
” (A> - A 0 ) - 7 o(í 2 ~ s 0 ) 


573 


= 1.09 (473 - 300) - 300 x 1.09 

- 188.57 - 148.89 = 39.68 kl/kg 
(6) Decrcase in availability of the products 

" - Vz 

= (a,-a 2 >- Toí-n-^) 

= 1.09 (573 - 473) - 300 x 1.09 In 

* 109-62.72 = 46.28 kJ/kg 
By making an cnergy balance for the air preheater 

"’í C Pg * ^íi ~ c p. ~ 

12.5 x 1.09(573-473)- 11.15 x 1.005(^,-313) 

12.5x109 



573 

473 


- 


11.5 x 1.005 


+ 313 = 430.89 K 


Increase in availability for air 


“ Vi ~ Yi 

= (A Z -A,)- r 0 (s 2 -s,) 


Products 
of Combustion 






















K 


c p. * ^*i) ^'p. * n j' 

»i 


430.89 

313 


= 1.005 x (430.89-313)-300 x 1.005 ln 

= 118.48-96.37 = 22.11 U/kg 
Irreversibility of the process 

= 12.5x46.28-11.5x22.11 
= 578.50 - 254.27 
= 324.23 kW 

(c) Let us assume that hcat transfcr from the products to air occurred through 
heat cngincs reversibly as shown in Fig. ~~ 


0’ 


mg —*-+V\A/WWVWWyWAr 

]o, fo, 

m- 

7 


Ti 


ms 


For reversible heat transfcr. 


^ ^univ “ 0 


A5, y , + A5 twr 



isíV 


m s c Pl 


A Sg" + AS ul = 

A5pj = -A jjj 
ln = -m c D ln 

•• r„ r„ 

12.5 x 1.09 ln -^1 =-l 1.5 x 1.005 ln 

573 313 

T t2 = 392.41 K 

Rate of heat supply from the gas to the working fluid in the heat engine. 

êi*"« f c p,( 7 ',i-v 

= 12.5 x 1.09(573-473) 

= 1362.50 kW 

Rate of heat rejection from the working fluid in the heat engine to the air, 

C?2“ "». c p .( 7 '«2~ r «i) 

- 11.5 x 1.005 (392.41-313) 

= 917.78 kW 

Total power developed by the heat engine 

W = (?,-& = 1362.50-917.78 
= 444.72 kW 





























UNIT-IV 


OBJECTIVE: 

To familiarize the students with the thermodynamics properties and its 
relations and uses of this thermodynamics relations 

HELM HOLTZ AND GIBBS FUNCTIONS: 

The combination of properties (U-TS) is also a Thermodynamic properly. It is 
named as the Helmholtz function. It is denoted an A and a. 




Another combination of properties (H - Ts) is alsc a Thermodynamic property. 
It is named as Gibbs function. It is denoted as G and y 




Mathematical Conditions for Exact Differentials (Properties) 


Properties are mathematically exact differentials. These are point functions 
and their differences between two points do not depend upon the path of integration. 

Let Z is function of *wo variables x and y 

Z = Z(x,y) 




But 


dz\ 

dx) y = M and dx + 



Then Eq. (1) Becomes 

dz = Mdx + Ndy 


























If x,y,z are all pint functions. Is there are State variable representing properties 
which do not depend on the path, then dx, dy and dz are exact differentials. Two 
mathematical conditions apply, 



Among the variable x,y and z, any one variable may be considered as a 
function of the other two 


x = x(y,z). 


dx = 


Í-) i—\ 

= \dyj 7 dv + \dz) 


dz 


(-) í-t 

dz = W z d x + \dyJ 


dy 


From (1) & (2) 


dx 


-) í» 

1' 

fl ) ^+ (1) A 

yt z dy+\^ 

7 y dZ 1 

/ y V ■' X 


dx\ 


.* _ V 


ídx \ i dz 


dz} \dy) 

f V v f X 


dz \ 
dv! 


/ y 


i dz \ 


- dy + 


II 


y dx 


Ê) * IB 


;■ — ■. 


/dx\ ídz 


\dz' v \dy 


dy + dx 


( 1 ) 

( 2 ) 






































Among the thermodynamic variable P, V and T, the following relation holds good 



Maxwell Relations: 


Consider a simple compressible control mass of fixed Chemical composition. 
The Maxwell relations, which can be written for such a system, are four equations 
relating the properties P,V,T and S. 


The Maxwell relations are most easily derived by c 
forms of the thermodynamic property relation. 


du = Tds - pdv 




ring the different 


( 1 ) 


and 


dh = Tds + vdp 


The above expressions are of the 

U = p(s,v) , h=h(s,p) ii 
independent propertie: 






( 2 ) 


f which entropy is used as one of the two 


To eliminate entropy as an independent property by introducing two new 
properties and thereby two new forms of the thermodynamic property relations. 


The first of there is the helmholtz function A, 


A = U-Ts , a = u-Ts ---- (3) 

Differentiate eq (3) we get 

da = du - Tds - sdT -.---- (4) 
















Put eqn (1) in (4) we get 

o da = Td/s-pdv - Td/s-sdT 

= - sdT - pdv --—.-. (5) 

The above expression is a form of the property relation utilizing T and v as the 


independent properties. 

The second new property is the Gibbs function G. 

G = H - TS , g = h - Ts -- (6) 

Differentiate eq (2) we get 

dg = dh - Tds - sdT .—-.-. (7) 

put eq (7) in eq (2) we get 

o dg = Tds + vdp - Tds - sdT 

= - sdT + vdp ---(8) 


Eq. (1), (2), (5), (8) all relations involving only properties. We conclude that 
these are exact differentials. 

dz = mdx + ndy 

The coefficient M and n are 

(dm\ fõn\ 

From 

Eq.(1) we get 

m 


\du l s= .\ds}, - ( 9 ) 

Eq.(2) we get 

fdT\ fdv\ 

\dw/s=\ 3s / P .—-.—-.... (10) 















Eq.(5) we get 

( 3p\ fâ v \ 

dT) v= \ds)j ----.- ( 11 ) 

Eq.(8) we get 

iPl Gr) 

\3Tlr_\3plj . ( 12 ) 

These four equations are known as Maxwell relations for a simple compressible 
mass. 


Clausius Clapeyron Equation: 


An important application of one of the Maxwell relations is in the derivation of 
the clapeyron equation. This equation relates the enthalpy of vaporization of a 
substance with the slope of its vapour pressure curve. 



During phase transitions like melting, vaporization and sublimation the 
temperature and pressure remain constant while the entropy and volume changes. If 


x is the fraction of initial phase i which has been transformed into final phase f. 


5 = (1 - x)s (£) s(f) 
V = (1 — v{f 


where s and v are 


Linear functions of 




(9) 


This is used to find the value of the property which is not measurable for pure 
substances. This equation provides a basis for calculation of properties in a two 
phase region. 


Consider a change of phase of pure substances from saturated liquid to 
saturated vapour. During the vaporization process both temperature and pressure 
remains constant, but specific volume and entropy changes. 










s = f (T,V) 


o 



dT +- 




P 


P-T diagram for a pure substance 

When the phase is changing from saturatod liqiid to Sat.vapour, temperature 
relations const. 

Eq. (1) becomes. 

í-t 

ds = 1<W v dT -... (2) 

From Maxwell eq 'a. on gives. 

(d£\ (àp_\ 

\dvJj=\dT) v ... ( 3 ) 

Put (3) in (2) we get 

<=> ds = w f / v dv - (4) 

VdT/ is the slope of the saturation curve. 

During a phase change process, the pressure is a sat. Pressure which 
depends on temperature (T) only and independent of specific volume (v) 













Integrating the eq.(4) we get 


fsg 

) ds 
■sf 


dp 
= dt 


rvg 

I _i 

L 


av 


ap 

sg - sf = áT (vg - vf) 


■=> 


o 


dp 

áf 


ap 

áf 


5.9 ~ sf 
= vg - vf 

sfg 

= vgf 


(5) 


From second law of thermodynamics, 


áQ 


ds= T 


dH 


but dQ = dH for const. press. process. 


■=> ds = T 


Integrating we get 


( 6 ) 


r s B r h EdH 

I ds — 

Jsf = -Tif T 


sg - sf =7r [hg - hf] 

kfg 


sfg = t 

put eq (7) in (5) 


(7) 


© 


hfg 

sat = Tvf S 


( 8 ) 


The above equation is known as clapeyron equation. This equation can be 
used to determine the enthalpy of evaporation at a given temp if the slope of the 
saturation curve on a put diagram for the given fluid is known. 

For very low pressure, u f is very small 

















































The above equation is known an clausius - clapeyron equation. It is also used 
to determine the variable in saturation pressure with temperature. 


T - D Relations: 


(i) Let entropy s be imagined as a function T and V then 


ds = 


.© 


V 


dT + 


© 


t dv 


fds\ (ds 


■=> Tds = 


, T m 


V 


dT ++ 


© 


t dv 


o T 


©.. 


V = Cv 


Cv-specific heat at const.volume 


And 


© , . © 


V 


Maxwell’s third equation 
put eq (2), (3) in eq (1) 


o 



This equation is known as first Tds equation. 

(ii) lf entropy S is considered as a function T and P. 


( 1 ) 


( 2 ) 


(3) 


(4) 


Then 


ds = 


Átà 


ds\ fds\ 

W/ 


dT + 


t dp 


Tds =T 


.&) 


ds\ fds\ 

\dp) 


dT + 


T Tdp 


(5) 


o 


T 


©.. c. 


( 6 ) 


Cp - Specific heat at const. pressure. 































Maxwell’s fourth equation. 
Put (6) & (7) in eq (5) we get 

(%) 

Tds = cpdT - Tw 7/ p dP 



Specific Heat Relations: 


(dp\ 

Tds = CvdT + T\^7/ v dP .--- (1) 

(dv\ 

Tds = cpdT-TWT/ p dP --- —- (2) 

Equation eq (1) & (2) we get 

fdv\ fdp\ 

Cp-Cv = -TW) p \dv) j ...- (3) 

This relation can be expressed in terms of two other thermodynamic 
properties called the volume expressivities B and the isothermal compressibility 0 ' . 

* ■ MS )’ 1 

_ 1 ídv 

— (4) 

Put (4) in (3) we get 



Cp - Cv = vtp 2 la> 



• The isothermal compressibility K is a positive quality for all substances in all 

phases. 

• The volume expansivity could be negative for some substances, but in square 
is always positive 

• The constant - pressure specific heat is always greater than or equal to the 
constant volume specific heat. 

• Cp ^ Cv 
























• The difference between Cp and Cv approached Zero as the absolute 
temperature approaches zero. 

GIBBS PHASE RULE: 

f = c - 0+2 

the above equation is known as the Gibbs phase rule for a non reactive 
system 

where, 

f = degree of freedom 
c = Chemical constituents 
0 = phase. 




UNIT - V 


OBJECTIVE: 

To familiarize the students with the topics of combustion , Chemical reactions of 
fuels combustion analysis. 

COMBUSTION: 


Combustion is the Chemical combination of the combustible constituents of a fuel 
with oxygen. During this Chemical reaction carbon, hydrogen and sulphur present in the 
fuel combine vapidly with oxygen to form carbon dioxide (or) carbon monoxide (co), 
sulphur dioxide (S 02 ) and water (H 20 ) with the release of large amount of energy. To 
begin this process, temperature of the fuel must be raised to a certain value known as 
ignition point of the fuel. The fuel and oxidizer which supplies the necessary oxygen are 
known as reactants and the constituents resulting from the combustion process are 
called the proudest. 


STOICHIOMETRY: 




e> 


The minimum amount of air which provides sufficient oxygen for the complete 
combustion of all the elements like carb' n hvdrogen etc. which may oxidize is called 
the theoretical or stoichiometric air. There is no oxygen in the products when complete 
combustion oxidation is a achieved with thi 5 theoretical air. 


Theoretical or minimum air equired for complete combustion of 1 kg of fuel 


100 í8 1 

- -C + 8H2 + S -o kg. 

23 3 


ENTHALPY OF FORMATION: 


Let us consider the steady State steady flow combustion of carbon and oxygen to 
form Co 2 as shown in figure. 

^ C.V 


25 °c 1 atm 


O2 



25 °c, latm 


CO 2 


Q c.v = -393,522 KJ/Kg of mol of CO 2 







• Let the carbon and oxygen enter the control volume at 25°c and 1 atm, 
pressure and the heat transfer be such that the product CO 2 leaves at 25°c, 
latm pressure 

• The measure value of heat transfer is -393,522 KJ per kg of CO 2 formed 

• lf Hr and Hp refer to the total enthalpy of the reactants and products 
respectively. 


Then the first law applied to the reaction 
C + 02 _► C 02 gives 



Generally all the reactants and products in a reaction , the equation may be written 


as 



nts cu ,d oroducts 


Where R and P refer to the reactants cu, d products respectively. 

• The enthalpy of all the elements at the standard reference State of 25°c ,1 


atm is assigned the value of zero 
In carbon- oxygen reaction, Hr = 0 


i.e. Hp = Qc.v = -393522 KJ/Kgmol 
lt is also denotea uy hi° 

o hi° = -393522 KJ/Kgmol 

But in most cases, the reactants and products are not at 25°c, 1 atm. Therefore, 
the change in enthalpy between 25°c, 1 atm and the given State must be known. 
Thus the enthalpy at any temperature and pressure, fn,p is 



Where An referents the difference in enthalpy between any given State and the 
enthalpy at 298.15K, latm. 




ADIABATIC FLAME TEMPERATURE: 


Consider a given combustion process that takes place adiabatically and 
with no work or changes in K.E or potential energy involved. The temperature of 
the products is referred to as the adiabatic Flame temperature. 


With the assumption of no work and no changes in kinetic or potential 
energy, this is the maximum temperature that can be achieved for the given 
reactants because any heat transfer from the reacting substances and any 
incomplete combustion would tend to lower the temperature of the products. 

For a given fuel and given pressure and temp o' reactants, the maximum 


adiabatic flame temperature that can be achieved is with a stoichiometric 
mixture. The Adiabatic flame temperature can be controlled by the amount of 
excess air that is used. 


The energy equation is 


Hr=Hi 


SQv 

^ n iK =/_ j n e li e 

R p 


& 


o 




o 


Or 


i [/it° + A/i ]i = n e [ hi° + A/i ] e 


For examole: 


In gas turbine, where the maximum permissible temperature is 
determined by metallurgical consideration in the turbine is determine by 
metallurgical consideration in the turbine and close control of the temp. Of the 
products is essential. 




ENTHALPY OF REACTION AND HEATING VALUE: 


The enthalpy of combustion is defined as the difference between the 
enthalpy of the products and the enthalpy of reactants when complete 
combustion occurs at a given temperature and pressure 

Hrp = Hp - Hr 

Or 

Iirp = Y,R n e[hi° +A h]e- E p ni[Jif° + Ah]i 
Where h RP \s the enthalpy of combustion (KJ/Kg or KJ/mol) of the fuel 

The internai energy of combustion, U RP is defined in 

mrp= Up- Ur 

= Ek w e [Jif° + A h ]e- Y. P hi° + È i ]i 

lf all the gaseous constituent are considered ideal gases and the volume of 
liquid and solid considered is assume f o be negligible compared to gaseous 
volume. 

U rp = hfíp - R T ( r| gaseous products - r| gaseous Reactants) 

• In the case of a constant pressure or steady flow process, the negative of the 
enthalpy of combustion is frequently called the heating value at constant 
pressure, which represents the heat transferred from the chamber during 
combustion at const. pressure. 

• Similarly, the negative of the internai energy of combustion is called as the 
heating value at constant volume in the case of combustion, because it 
represents the amount of heat transfer in the const volume process. 

• The higher heating value (HHV) or higher calorific value (HCV) is the heat 
transferred when H 2 O in the products is in the liquid phase. 

• The lower heating value (LHV) or lower calorific value (LCV) is the heat 
transferred when H 2 O in the products is in the vapour phase. 

LHV =HHV - m H 2 0. hfg 


Where mhhO is the mass of water formed in the reaction. 






AIR - FUEL RATIO 


Air - fuel ratio is the main quantity in the analysis of combustion process. It is 
defined as the ratio of the mass of air to the mass of fuel during a combustion process. 
That is 


Air - fuel Ratio = 


Mair 

Mfuel 


EFFECTS ON SUPPLY OF EXCESS AIR: 

lf the air supply is less than the stoichiometric amount, some of the carbon will 
become carbon monoxide or will remain as carbon particle in the product gas. 

If the air supply is greater than the stoichimometric amount, the product of 
combustion will contain free oxygen. 


COMBUSTION REACTION: 





During combustion, the fuel is oxidized s o that the carbon becomes C 02 or co, 
Hydrogen becomes H 20 and sculpture becomes S 02 . 

Consider 1 kmol of carbon combining v:ith 1 kmd of oxygen to form 1 kmol of 
carbon dioxide. 

C + 02 => co2 

A 

In terms of mai 



1 kmol of c =. 12 kg, 1 kmol of 02 => 32 kg 
Ikmol of cl 2 => 44kg 

Consider carbon combining with oxygen to for carbon monoxide 
2c + o2 => 2co 


2kmol of carbon combines with 1 kmol of oxygen to form 2 kmol of carbon 
monoxide. 

2 kmol of c => 24 kg, 1 kmol of 02 => 32 kg 
2 kmol of co => 56 kg. 

Oxidation of sulphur gives. 




S + 02 => S02 


1 kmol of sulphur combines with 1 kmol of oxygen to form of sculpture dioxide. 
1 kmol of s => 32 kg, 1 km of 02 => 32 kg. 

1 kmOl of S 02 => 64 kg. 


ENTHALPY OF COMBUSTION: 


The internai energy of combustion is defined as the difference between the 
internai energy of the product and the internai energy of reactants when complete 
combustion occurs at a given temperation and pressure. 

urp = Up - Ur 

= ^ ne[h o f + Ah — p v]p — ni[hf ° +A h — p v\ 

P R 




HEATING VALVE OF FUELS: 

The heating value of a fuel is the amount of heat transferred from the fuel when it 
is burned in stochiometric proportions of air in a steady - flow process such that the 
reactants are at the standard reference State and the products are returned to the 
standard reference State. 

The heating value is numerically equal to the enthalpy of combustion, but it has 
the opposite sign. 

There two types of calorific values namely:- 

a) Higher calorific value 

b) Lower calorific value 

HIGHER CALORIFIC VALUE: (HCV) 


Higher calorific value (HCV) is the quantity of heat obtained by the complete 
combustion of unit mass of the fuel, when the products of combustion are cooled down 
to the temperature of the surroundings. In this case any water vapour formed by 
combustion is condensed and the heat is recovered from the products of combustion. 




LOWER CALORIFIC VALUE: (LCV) 


Lower calorifíc value is the quantity of heat abstained by the complete 
combustion of unit mass of the fuel, when the products of combustion are not 
sufficiently cooled down to condense the steam formed during combustion. 

LUV = HCV - Latent heat of steam formed 
HCV - 2442 x steam formed (kj/kg) 

ADIABATIC FLAME TEMPERATURE: 


The maximum temperature that products can reach during a combustion process 
which is adiabatic involving no work and negligible changes is kinetic and potential 
energy. Mathematically the energy balance gives 



(f, = W + Hp-HR 
But<f>-W = 0 
==> HP = HR 
(or) 

/ ' nihi = 2_j nehe 


CHEMICAL EXERGY: 

The Chemical exergy is thus defined as the maximum theoretical work that could 
be developed by the combine s' stem. Thus for a given system at a specific State. 

Total exergy = then io 'hemical exergy + Chemical exergy. 


SECOND LAW EFFICIENCY OF A REACTIVE SYSTEM. 


For a fuel at To, Po, the Chemical exergy is the maximum theoretical work that 
could be obtained through reaction with environmental substances. However due to 
various irreversibility like friction and heat loss, the actual work obtained is only a 
fraction of this maximum theoretical work. 


The second law efficiency may thus be defined as the ratio of. 

TT ActualWorkdone 

r/II - - 

Maximumtheoreticalwo rk 
mfuel x ach 




PROBLEMS: 


1. The products of combustion of an unknown hydrocarbon Cx H y have the following 
composition as measured by an orsat apparatus: 

CO 2 8.0 % , CO 0.9% , O 2 8.8 % , and N 2 82.3% 

Determine : a) the composition of the fuel, b) the air fuel ratio, C) the % of excess air 
used 


SOLUTION: 

Let a moles of oxygen be supplied per mole of fuel. 
written as follows. 

Cx Hy + aÜ2 + 3.76 a N 2 
8 CO 2 , 0.9 CO , 8.8 O 2 , and 82.3 N 2 + y / 2 H 2 O 
Oxygen balance gives 





Chemical reaction can be 


2a = 16+ 0.9+ 17.6 +y/2 



1 


Nitrogen balance gives 


3.76a = 82. 


a = 21.89 


by substituting the value of a in eqn 1 


y = 18.5 

carbon balance gives x = 8+ 0.9 = 8.9 

therefore, the Chemical formula of the fuel is Cs.9 H 18.5 The composition of the fuel is 
% carbon = -- X 100 = 85.23 % 

8.9X12+18.5X1 


% of Hydrogen = 14.77 % 




B) air fuel ratio 


32a+3.76a X 28 
12x+y 


21.89 ( 32+3.76 X 28) 
12X 8.9+18.5 


3005 

125.3 



C) Excess air used: 


8.8x32 

21.89x32-8.8x32 


x 100 = 67.22 % 


2. Determine the heat transfer per kg mol of fuel for the following reaction 


CH4 + 2O2 


> CO2 + 2H2O 


The reactants and products are each at a total pressure o lOOKpa and 25°C 


SOLUTION: 


By the first law 


Qc.v + 


— YiP n eh-e 



From table C in the appendix 


H R n e h e = 



2 (h f )H 2 0 


= - 393, 522 + 2( - 285,838) = - 965,198 KJ 


Qc.v= 


-890,325 KJ 




